Resonant antennas have garnered considerable interest in terahertz and visible regimes owing to its extraordinary localized field concentration capability. In this work, we experimentally demonstrate a novel metal-free terahertz detector, which is fashioned by heavily doped polysilicon using standard CMOS process. The computational results show that the incident field can be largely enhanced within the antenna gap area at the resonance of 650 GHz. The room temperature measured results show that the responsivity and noise equivalence power of the detector integrated with the optimized antenna design is 600 V/W and 200 pW/Hz 0.5 at 650 GHz, respectively. Aided by an equivalent circuit model, theoretical analysis is carried out to elucidate that the field enhancement ratio of the resonant polysilicon antenna is comparable to gold made antenna at terahertz frequencies. Our study provides a new approach for designing a low-cost and CMOS-compatible terahertz detector characterized with strongly localized field, projecting more insights on light-matter interaction at terahertz frequencies.
Introduction
Field effect transistors (FETs) for terahertz detection were early reported by M. Dyakonov and M. Shur in 1996 [1] . Later it was pointed out that such type of terahertz detectors has many promising aspects such as room temperature operation, on-chip compatibility as well as easy array fabrication, which makes them well-suited in the terahertz imaging and spectroscopy technologies [2] . One major concern in the CMOS terahertz detector design is how to effectively couple the free space terahertz waves to the transistor [3] , [4] . Since the time of Hertz, antenna has been proved to be an effective way to collect free space radio energy and widely been used in radio receivers [5], [6] . In the terahertz frequencies, antennas made of metals such as gold, patterned with various shapes and sizes have been introduced to the terahertz detector for the sake of improving the device performances [7] - [10] . However, the use of gold in CMOS techniques has the disadvantage that gold is a faster diffuser into the underlying silicon substrate even at moderate temperatures, thus the carrier lifetime will be reduced because of the formed recombination centers [11] .
On the other hand, semiconductors such as indium antimonide (InSb) [12] , [13] and silicon [14] , [15] have also been reported as an alternative of the conventional metal materials to construct resonant antenna at terahertz frequencies. Characterized with the strong localized field concentration, resonant antennas made of semiconductors are able to confine the incident terahertz wave into extreme subwavelength volume just like their metal counterparts in optical wavelength, whose mechanism can be explained by the resonant collective oscillations of the electrons in the antenna radiating parts [16] , [17] . Therefore, it is seemingly feasible to utilize the strongly confined field and integrate the semiconductor made antennas into CMOS detectors for the purpose of detecting terahertz waves. Yet, to date there are few works focusing on such a topic as to the author's knowledge.
In this letter, a novel metal-free resonant antenna made of highly doped polysilicon and its integration in the terahertz detector is addressed. Compared with other works of utilizing semiconductormade antennas for terahertz field confinement [12] - [15] , the advantage of our design is that the polysilicon we use is compatible with the CMOS process. Therefore, the proposed antenna can be easily incorporated with standard CMOS manufacturing and no extra metal deposition and annealing steps are needed during the overall manufacture flow, making our design cost-effective and more commercially-available. Our experimental demonstration indicates that the proposed antenna can be well-suited for terahertz detection, which has seldom been addressed in previous works. Finally, based on equivalent circuit model, our theoretical analysis about the correlation between field enhancement and material properties of the resonant antenna shows that the performance of polysilicon-based antenna is comparable to other metals normally used for antenna structure and provides more insights on antenna design at terahertz frequencies. Figure 1a displays the cross-sectional view of the proposed CMOS terahertz wave detector which consists of our proposed antenna fashioned with highly doped polysilicon. The working mechanism of the device can be explained by the well-known self-mixing theory, in which the coupling from the incoming terahertz wave to the transistor gives rise to a non-linear effect in the transistor channel [1] , [8] , [18] . By applying an external gate-source voltage V G S , a dc component ( u) in the drain-source voltage can be extracted, whose strength is proportional to the detected terahertz power.
Design and Simulation
In the fabrication flow, after the formation of shallow trench isolation (STI) and p-well, the polysilicon layer will be deposited and etched by reactive ion etching (RIE). As can be noted from Fig. 1a , the gate of the transistor is positioned just at the center of the gap between the antenna arms. Since the material of antenna, i.e., in our case polysilicon, is the same as that of the transistor gate and patterned on the same layer, the overall fabrication flow is CMOS-compatible as no extra step needs to be added in the overall fabrication process.
The illustration of the proposed resonant polysilicon antenna is given in Figure 1b . The antenna is in the shape of a bow-tie structure which is composed of two symmetrically positioned sectors (radius of r and radian of θ) together with two rods. The antenna model is positioned on a thin silicon dioxide layer on top of a silicon substrate with its cross sectional dimension of a × b. Plane wave excitation polarized along the y axis with its electric field of 1 V/m together with open boundaries are used to simulate the electromagnetic response on the antenna. By placing a field probe at the center of the antenna arm to monitor the localized field E l concentrated by the antenna, the field enhancement (FE) of the antenna can be calculated as the ratio of the probed field power to the incident wave power as FE = ( [16] . In the simulation, both the antenna geometrical features and material properties are optimized so as to achieve maximum FE at 650 GHz, which is at the peak of power spectrum from our continuous wave system. The optimized parameters of the antenna are a = b = 120 μm, r = 45 μm, θ = 120
• and the cross-sectional dimension of the two short rods is 20 μm × 2 μm. Consider the actual dimension of the transistor between the antenna arms, the gap length between the two rods is chosen as 2 μm. Drude dispersion model is used to model the dielectric properties of polysilicon. The effective mass m * is treated in the same way as silicon of m * = 0.98 m 0 in which m 0 corresponds to the longitudinal effective mass of the electron. The electron mobility value is approximated to 400 cm 2 /(V · s) [19] - [21] . Figure 2a shows the simulated FE of the antenna when its geometrical parameters are fixed at their optima while the doping density of its polysilicon material varies from 3 × 10 20 to 3 × 10 21 /cm 3 . As is calculated from the Drude dispersion model, the increase of the doping density will lead to an increase of the material conductivity and its negative real part of permittivity [22] . As can be seen, the maxima of the ratio first increases with the rise of doping density. When the doping density equals N = 1 × 10 21 /cm 3 , the plasma frequency of polysilicon ω p = 288 × 2π THz and collision frequency = 4.52 THz, and its corresponded FE reaches its peak value of about 1.7 × 10 4 at 650 GHz. Further increase of the doping level does not change the FE significantly, but blueshifts the resonance further which is the result of the increased negative real part of material permittivity based on the perturbation theory. Because of the higher conductivity of polysilicon, the ohmic loss in the antenna becomes smaller as the bandwidth of the resonance further narrows. Our result shows that the field localization is strongly dependent on the carrier density of the antenna [12] . Figure 2b displays the top view of the electric field distribution on the cross sector of the antenna model at 650 GHz. Because of the resonance of the polysilicon antenna, the incident electrical field is highly localized at the gap of the antenna while decays quickly outwards that area. The peak of the localized field on the antenna cross sector corresponds to a value of 130 V/m and the corresponded FE of 1.69 × 10 4 . For the terahertz detector, its responsivity is generally defined as the ratio of its output voltage to input power. Therefore, higher field enhancement will enable the antenna to concentrate more terahertz power into a small volume which leads to better the responsivity performance of the detector. The Supplementary Information shows the simulated impedance and radiation features of the proposed resonant antenna.
Experimental Results
Then the fabricated device was characterized by the system shown in Figure 3a to evaluate its terahertz detection performance. A continuous terahertz wave generated from VDI-Tx-S140 source at 650 GHz is modulated at1 kHz. Two off-axis parabolic mirrors (OAP1 and OAP2) are used to focus the terahertz beam onto the detector, which was biased with an applied voltage between the source and the gate shown in the inset of Fig. 3b . Then the detected signal is directly fed into a lock-in amplifier, which is synchronized at the modulation frequency. All measurements were performed at room temperature.
The responsivity (R v ) of the device is calculated from R v = u×S t P t ×S a , in which u is the voltage response of the device obtained from the lock-in amplifier, S t is the area of the focused beam size at the detector plane, P t is the source output power and S a is the cross sectional dimension of the antenna [23] . In our experiment, the source power is 0.65 mW measured from the power meter and S a is set the same as the antenna area of 6392 μm 2 . Figure 3b shows the measured responsivity spectrum from 620 GHz to 700 GHz. During the frequency sweep, the gate voltage of the MOSFET is kept as a constant of 0.4 V, which is close to its threshold voltage value as our previous work suggested [24] . The measured peak responsivity is about 580 V/W near the designed 650 GHz, which is also consistent to our design with field enhancement peak at 650 GHz. The minor resonant peak at around 635 GHz is caused by the inconsistency of the power output spectrum from the source. Figure 4a shows the measured responsivity of the device at 650 GHz when the gate voltage (V G S ) sweeps from 0 to 1 V. The device exhibits peak responsivity of 600 V/W with the gate voltage at 0.42 V. In addition, Figure 4b displays that the measured noise equivalent power of the device based on
, in which S v is the measured noise spectra density of the device using Agilent 35670a. As can be seen, the lowest NEP of the detector at room temperature is at the level 200 pW/Hz 0.5 , which is within the availability NEP range from 10 −10 −10 −12 W/Hz 0.5 of nowadays room temperature terahertz FET detectors [25] - [26] . These measured results suggest that our proposed antenna can be well suited into the terahertz room temperature CMOS detector.
Discussion
Aided by an equivalent circuit model, we then implemented theoretical analysis on the resonant antenna's field enhancement dependency of its material's plasma frequency and collision frequency and demonstrated that FE of the polysilicon based resonant antennas is comparable to the metal based ones. Dipole antenna has the simplest geometrical feature among other types of resonant antennas such as bow tie, biconical, Yagi-Uda antennas, etc. Therefore without loss of generality, it can be exampled to study the correlation between the localized field concentration effect and material properties of resonant antennas. Figure 5a shows the geometry of the dipole antenna we use in this discussion and its equivalent circuit model. In our calculation, the geometrical features of the dipole antenna (denoted by green labels) are chosen in the way that the dipole arm length l = 160 μm and its cross section a = 1 μm, b = 0.4 μm. The gap between the antenna arm is still chosen as g = 2 μm. In the equivalent circuit model, the term L f and C a are the Faraday inductance and antenna capacitance, separately. These two terms are to describe the overall inductance and capacitance of the straight metal arms of the dipole antenna. The gap between the antenna arms will give rise to an extra gap capacitance C gap and a stray capacitance αC a . All the terms above are related to the geometry of the dipole antenna only and are regardless of the antenna material composition [27] .
At high frequencies, the Drude dispersion model can relate the plasma frequency ω p and collision frequency of the material to its complex conductivity σ. The antenna will then have a material-related impedance term
, where R is the ohmic loss resistance and L k inductance of the antenna. Besides, the ohmic loss in the gap region will lead to another loss term spreading resistance R spread . Then the FE of the dipole antenna can be calculated using Eq. 1, in which Q and ω 0 are to denote the quality factor and resonant frequency of the antenna and is expressed in Eq. 2 and 3, respectively [27] . Since some of the terms in the equivalent circuit model are material-related, we can finally obtain ω 0 and the FE of the studied dipole antenna as a function of ω p and of its material. Figure 5b shows the calculated resonant frequency of the dipole antenna as a function to its material plasma frequency and collision frequency using Eq. 3. As numerically calculated results indicate that the value of kinetic inductance L k always declines with the rise of ω p , so that Faraday inductance L f , which is independent of the antenna material properties, will be gradually dominant in the term L f + L k when L k is smaller than L f by orders. So according to Eq. 3, the calculated resonant frequency shown in Figure 5b increases with the rise of ω p on a general trend since it is inversely proportional to L f + L k , and when the plasma frequency is over about 300 THz, the corresponding resonant frequency ω 0 /2π stays near 650 GHz. In our previously discussed antenna model, the plasma and collision frequency of the optimized polysilicon material is ω p = 288 × 2π THz and = 4.52 THz when the doping density is 1 × 10 21 /cm 3 . By comparison, ω p and of gold in the Drude dispersion mode is 2080 × 2π THz and 40.5 THz, respectively [28] . The corresponding field enhancement of these two materials are highlighted in Figure 5b according to their material properties.
The plasma frequency ω p and collision frequency dependent field enhancement of the antenna at 650 GHz is shown in Figure 5c based on the calculation using Eq. 1-3. A can be noted from our calculation, even when ω p is orders higher than the working frequency, the antenna can still achieve high value of FE as long as its corresponded ω 0 is near 650 GHz. On the other hand, the field enhancement decreases as the collision frequency increases remarkably. Since can be viewed as a damping term representing dissipation of the plasma's energy [29] , higher loss in the antenna material will deteriorate the field enhancement capability of the antenna. Compared with gold, polysilicon can be viewed as a less expensive and CMOS compatible option to construct resonant antennas which exhibits similar field enhancement capability.
Conclusion
In conclusion, we have proposed a novel type of resonant polysilicon antenna design and experimentally demonstrated its integration in the CMOS terahertz wave detector. By carefully selecting the geometric and material parameters of the antenna, the optimized design can achieve strong local field enhancement at 650 GHz. The measurement on the fabricated detector shows its responsivity of 600 V/W and noise equivalence power of 200 pW/Hz 0.5 at 650 GHz. In the last, theoretical analysis gives more details of the terahertz resonant antenna localized field concentration effect and its material properties also demonstrates the feasibility of using resonant polysilicon antenna for the purpose of locally field enhancement in the terahertz frequencies. We believe that our polysiliconbased terahertz detector will provide a new route to achieve more compact, cost-effective and highly performing terahertz cameras for security scanning and imaging applications.
